In this study, 400,729 Dairy Herd Improvement (DHI) records collected on 77,178 cows in 692 Midwest herds over 29 mo (January 1999 to May 2001 were used to analyze milk urea nitrogen (MUN) as collected the day of the test in 6 breeds. Records of Holsteins, Jerseys, and Brown Swiss were subjected to stepwise backward elimination analysis with a model including parity (primiparous vs. multiparous cows), sample type (morning vs. evening), milking frequency (2× vs. 3× [Holstein only]), season (winter, spring, summer, and fall), yield of fat-corrected milk (FCM) classified into 1 of 3 FCM categories (FCMc) and all possible higherorder interactions. Results indicated that FCMc contributed to test-day MUN variation in multiparous, but not primiparous, Holsteins. Sample type and season were significant in both parity groups; milking frequency was not significant, but milking frequency × season and milking frequency × FCMc were significant in both parity groups. The nature of these interactions differed for each parity group. For Jersey and Brown Swiss data analyzed by sample type separately, parity was not significant but tended to interact with FCMc, whereas season, FCMc, and season × FCMc were generally significant. Mean test-day MUN was 12.7, 14.6, and 14.4 mg/dL, with 24, 45, and 42% of records above 14.5 mg/dL in Holsteins, Jerseys, and Brown Swiss in single-breed herds, respectively. In Holsteins, MUN peaked at 7 to 10 d in milk (DIM), declined until 28 to 35 DIM, and rose again thereafter. In primiparous Holsteins, MUN did not change with FCM ≤42 kg/d, but for higher FCM yield, MUN declined linearly by 0.05 mg/dL per kilogram of FCM. In multiparous Holsteins, MUN increased by 0.06 and 0.03 mg/dL per kilogram of FCM as FCM yield increased from 5 to 29 and from 30 to 59 kg/d, respectively, but decreased by 0.06 mg/dL as FCM yield increased from 60 to 85 kg/d. The use of adjustment coefficients may facilitate interpreta-
INTRODUCTION
Milk urea nitrogen can be used as an indicator of the adequacy of protein and the balance between energy and protein in lactating dairy cow diets (Broderick and Clayton, 1997; Wattiaux and Karg, 2004a) and as a predictor of urinary nitrogen excretion (Kauffman and St Pierre, 2001; Kohn et al., 2002; Wattiaux and Karg, 2004b) . Thus, MUN has the potential to be a multifunctional indicator of N efficiency of dairy herds, helping producers to fine-tune rations while minimizing the excretion of environmentally vulnerable N (Jonker et al., 2002) . Although "target" ranges of MUN have been proposed (Hof et al., 1997; Kohn et al., 2002) , its use as a management tool on farms remains uncertain because of permanent or temporary effects specific to herds (e.g., rolling herd average for milk production; RajalaSchultz and Saville, 2003) , cows within a herd (e.g., breed, parity, stage of lactation; Godden et al., 2001 ), DHI test-day level of milk production (Johnson and Young, 2003) , method of sampling (morning vs. evening; Godden et al., 2001) , method of analysis (Peterson et al., 2004; Kohn et al., 2004) , and time-dependent factors such as month (Arunvipas et al., 2003) or season (Godden et al., 2001 ). In addition, the usefulness of MUN determined under field conditions depends on the availability of representative milk samples for a group of cows (Godden et al., 2002) or the averages of sufficient records of individual cows fed a particular diet. In the absence of specific nutritional information, the partitioning of variations in MUN between nutritional and nonnutritional factors is difficult because some of the aforementioned effects are at least partially confounded with feeding practices. Nevertheless, the removal of
Statistical Analyses
Descriptive statistics. Using PROC MEANS of SAS (SAS Inst., Inc., Cary, NC), test-day records were averaged for each individual cow and each individual herd to obtain aggregate MUN means at the cow level and at the herd level. Using PROC UNIVARIATE, the number of records in each mean was recorded to describe the distribution of test-day records per cow and per herd (i.e., frequency of testing) and the distribution of cows per herd (i.e., herd size). In addition, descriptive statistics (median, mean, SD, minimum, and maximum) were computed for parity, DIM, MUN, FCM, percentages, and yields of true protein and fat in the milk. Results are given in Table 2 .
Breed and temporal variations. Preliminary observations indicated large breed and temporal variations in average test-day MUN. There also appeared to be an effect depending on whether a cow belonged to a herd comprising a single breed or more than 1 breed. The majority of Ayrshire, Guernsey, and Milking Shorthorn were in multiple-breed herds. However, there were 533, 17, and 13 single-breed herds for Holstein, Jersey, and Brown Swiss. PROC MEANS was used to calculate monthly test-day MUN of these 3 breeds and the within-breed deviations due to number of breeds in the herd, parity, season, milking frequency, and sample type. Results were plotted and presented in Figures 1 and 2, respectively.
ANOVA structure. The share of total test-day MUN variance attributable to herd, cow within herd, and testday within cow and within herd (unexplained residual) was estimated using PROC NESTED for Holsteins, Jerseys, and Brown Swiss in single-breed herds. In addition, distribution of test-day MUN records was described using PROC FREQ and categorized in 1 of 5 groups. Results of these 2 procedures are given in Table 3 .
Variation associated with DIM, FCM yield, and parity in Holsteins. The data for primiparous and multiparous Holsteins in single-breed herds were summarized with PROC MEANS by month of lactation, by DIM for the first 73 d postpartum, and by yield of FCM grouped in incremental categories of 5 kg/d. Results are in given in Figures 3, 4 , and 5.
ANOVA-Holstein data. A 3-mo subset of the data was used to test the feasibility of a mixed-model analysis with repeated measures including herd and cow within herd as random effects along with selected fixed variables. Such analysis was precluded because it exceeded the available computing resources. However, PROC GLM was used with a model including fixed effects only and a data set of 96 observations obtained as the means of 5 selected factors arranged in a 2 × 2 × 2 × 3 × 4 factorial. Factors were parity (1 vs. >1), type of sample (morning vs. evening), frequency of milking (2× vs. 3×), test-day FCM classified into 1 of 3 categories (FCMc; low = bottom third, medium = middle third and high = top third), and season (winter = December to February, spring = March to May, summer = June to August, and fall = September to November). The use of a limited number of categories for each factor was to facilitate interpretation of interactions. The initial model included the 5 main effects (parity, sample type, milking frequency, season, and FCMc), their 10 twoway interactions, 10 three-way interactions, and 5 fourway interactions. Many of the higher-order interactions were highly significant (P < 0.001), leading to the need to simplify the model. Because parity and sample type contributed most often to higher-order interactions, each level of these 2 factors was analyzed separately. Based on model r 2 and mean square errors, it was concluded that data from primiparous and multiparous Holsteins should be analyzed separately. The following model was used for each parity group: where MUN ijkl is the dependent variable measured for the ith sample type (T, with i = 1 to 2), the jth milking frequency (M, with j = 1 to 2), the kth season (S, with k = 1 to 4), and the lth FCMc (F, with l = 1 to 3), and where TM ij , TS ik , TF il , MS jk , MF jl , SF kl represent the 6 two-way interactions, TMS ijk , TMF ijl , TSF ikl , MSF jkl represent the 4 three-way interactions, and E ijkl is the residual error.
Stepwise backward elimination was used to remove nonsignificant terms (main effects and interactions) from each model. According to the hierarchical principle, a lower-order term could not be removed if it was included in a higher-order term declared significant. The threshold value to keep a term in the model was P ≤ 0.01. Results are given in Table 4 .
ANOVA-Jersey and Brown Swiss data. In the case of Jersey and Brown Swiss, milking frequency was not included in the initial model because of a limited number of 3× milking records (n = 47 and 542 for Jersey and Brown Swiss, respectively). Thus, the initial model included 4 fixed effects, 6 two-way interactions, and 4 three-way interactions. Because of the significance of 3-way interactions involving parity and sample type, the procedure described above for the Holstein data was repeated to select the most appropriate way to subdivide the data for separate analyses. In this case, it was concluded that morning and evening samples should be analyzed separately. The following model was used for each sample type: MUN ijk = µ + P i + S j + F k + PS ij + PF ik + SF jk + E ijk where MUN ijk is the dependent variable measured for the ith parity (P, with i = 1 to 2), the jth season (S, with j = 1 to 4) and the kth FCMc (F, with k = 1 to 3), and where PS ij , PF ik , SF jk represent the 3 two-way interactions, and E ijk is the residual error.
Stepwise elimination process was used as described above, except that the threshold value to keep a term in the model was P ≤ 0.10. Depending on the outcome of the elimination process, main effects remaining in final models were declared significant for P < 0.05, or a tendency for 0.05 ≤ P ≤ 0.10. Results are given in Tables 5 and 6 .
RESULTS

Descriptive Statistics
Characterization of test-day, cow, and herd records. In this data set, the rolling herd average for milk was 9620 ± 71 kg and ranged from 1541 to 15,708 kg (Table 2 ). Average number of cows per herd was 101 ± 4.5, but the median was 70, indicating a distribution skewed to the right. Similarly, the frequency of testing among herds was skewed to the right with a mean tests per herd of 7.3 ± 0.3, but a median of 3.0. The most common frequency of testing among herds was once. Only 2 of the 692 herds included in this study tested for MUN every month of the study period (i.e., 29 times). Average parity was 2.2, but the data set included 33, 360, 18, 831, 11, 755 , and 6813 cows in parity 1, 2, 3, and 4, respectively, leaving 6419 cows with more than four lactations. One cow in the data set had 22 lactations. The frequency of testing a cow within a herd was skewed to the right with a mean, median and mode of 5.2, 3.0, and 1.0, respectively. However in this data set, 3 cows were tested 27 times. Mean test-day FCM was 31.8 ± 0.02 kg/d and ranged from 3.0 to 99.3 kg/d. Mean DIM was 183 ± 0.2 and the most common DIM for MUN testing was 59. The MUN data were normally distributed with a mean of 12.8, 12.7, and 12.9 mg/dL for test-day, cow and herd records, respectively. The highest MUN for test-day, cow and herd record were 35.0, 33.6, and 22.6 mg/dL, respectively (Table 2) .
Temporal variation (year, season, and month). Yearly means (±SD) for test-day MUN were 12.7 ± 3.5, 12.9 ± 3.7, and 12.8 ± 3.2 mg/dL for 1999, 2000, and the first 5 mo of 2001, respectively. Variation in monthly Figure 1 ). This effect might be due in part to differences in sample size. However, even within the Holstein breed, for which the average number of observations per month was 13,352, test-day MUN ranged from a low 11.7 ± 0.02 in March 2000 to a high 15.1 ± 0.03 mg/dL in August of the same year. Seasonal effects varied from year to year. For example, winter averages were 12.8 ± 0.02, 13.2 ± 0.02, and 12.5 ± 0.02 mg/dL for 1999 (December 1998 data unavailable), 2000, and 2001, respectively; and corresponding spring values were 12.8 ± 0.02, 12.1 ± 0.02, and 13.0 ± 0.02 mg/dL. In the summer of 2001, testday MUN was 1.0 mg/dL higher than in the summer of 2000 (14.0 ± 0.02 vs. 13.0 ± 0.02 mg/dL), but the difference in the fall was only 0.2 mg/dL (12.6 ± 0.02 and 12.4 ± 0.01 mg/dL, respectively). Variation associated with breed, breed per herd, parity, season, milking frequency, and sample type. Average test-day MUN for Ayrshire (n = 728), Guernsey (n = 1609), and Milking Shorthorn (n = 146) was 14.7 ± 0.15, 15.6 ± 0.10, and 13.4 ± 0.27 mg/dL, respectively. Average test-day MUN for Holstein, Jersey, and Brown Swiss and within-breed deviations due to parity, season, milking frequency, sample type, and the number of breeds in the herd are illustrated in Figure 2 . Overall, MUN was 12.8 ± 0.01, 14.0 ± 0.06, and 14.8 ± 0.06 mg/dL for Holsteins, Jerseys, and Brown Swiss, respectively. Although Holstein records were relatively unaffected by the number of breeds in the herd, test-day MUN in Jerseys was 0.59 mg/dL above breed average when belonging to a herd of only Jerseys (14.6 mg/dL in single-breed herds), but 0.58 mg/dL below breed average when belonging to a herd in which Jerseys were present with at least one other breed (13.4 mg/dL in multiple-breed herds, Figure 2 ). In the case Included records for which the number of breed in a herd was equal to 1 for the duration of the study period.
2
Contribution of each level of the nested hierarchy to total variance, which was 12.0, 16.3, and 24.8 (mg/dL) 2 for Holstein, Jersey, and Brown Swiss data, respectively. Test-day represents the unexplained residual variation, cow accounts for the cow-to-cow variation within a herd, and herd accounts for the variation among herds. of Brown Swiss, the difference was in the opposite direction and was 0.81 mg/dL greater for those in multiplebreed herds compared with single-breed herds (15.2 vs. 14.4 mg/dL, respectively).
The magnitude of the parity effect was relatively minor and dwarfed by the impact of season in all 3 breeds. The pattern of change in MUN with season was consistent for each of the 3 breeds with winter and summer MUN above the mean, and spring and fall MUN below the mean. Cows milked 3× had greater MUN than those milked 2× a day. However, the large deviation above the mean for both Jersey and Brown Swiss 3× records should be interpreted cautiously as they comprised less than 1 (n = 47) and 10% (n = 542) of the total records for those two breeds, respectively. In all 3 breeds, sampling type influenced MUN substantially with morning samples consistently below breed average and evening samples above breed average. Interestingly, test-day MUN from composite samples were the highest of the 3 sampling schedules in all 3 breeds. These results indicate that herds on a composite sampling schedule may have feeding and management practices that lead to higher MUN compared with herds submitting samples from either morning or evening milkings. However, differences due to handling of samples should not be ruled out.
MUN in single-breed herds: Variance structure and distribution. Brown Swiss cows (57% of test-day records) were in 12 Brown Swiss-only herds. In this subdataset, test-day MUN was on average 1.9 mg/dL greater in Jerseys than in Holsteins (14.6 vs. 12.7 mg/dL, respectively), but the difference between Jerseys and Brown Swiss was narrower (14.6 vs. 14.4 mg/dL, respectively).
The ANOVA structure showed that test-day measurements accounted for 69, 52, and 58% of the total variation in MUN for Holsteins, Jerseys, and Brown Swiss in single-breed herds, respectively (Table 3) . For Holsteins, cow-to-cow variation (within a herd) and herd-to-herd The complete model included 3 main effects (parity, season and FCMc) and the 3 two-ways interactions. Adjusted r 2 (SAS Inst., Inc., Cary, NC) of initial and final models were 0.91 for both morning and evening samples. variation contributed approximately equally to total MUN variation, but for the Jerseys and Brown Swiss, herd-to-herd variation was 2 and almost 6 times larger than the cow-to-cow variation, respectively. Table 3 also showed that for Holsteins, 21% of test-day records, 12% of cow and 5.6% (30 out of 533) of herds had MUN ≤9.4 mg/dL. At the upper end of the distribution, 24% of testday records, 24% of cow records and 17% of herds had MUN ≥14.5 mg/dL. The distributions of both test-day and cow records were skewed to the right for the Jerseys and Brown Swiss. The percentage of test-day and cow records above 14.5 mg/dL was 45 and 59%, respectively in Jerseys, but 41 and 42%, respectively, in Brown Swiss.
Variation associated with DIM and parity in Holsteins. Patterns of change in test-day MUN and FCM with DIM in primiparous and multiparous Holsteins in single-breed herds are illustrated in Figure 3 . In the first months of lactation, MUN was lower in primiparous than in multiparous cows. As milk production increased between the first and second month of lactation, MUN decreased abruptly in both parity groups, but increased faster in primiparous than in multiparous cows thereafter. In subsequent months, MUN appeared to decline in proportion with milk yield in multiparous cows, but remained relatively constant in primiparous cows. By the 10th month of lactation, both FCM and MUN became greater in primiparous than in multiparous cows.
A more detailed study of MUN in the first days and weeks of lactation showed a complex pattern of change. Overall, day 1 MUN was 11.7 ± 0.8 mg/dL (n = 49), but increased to peak 2.1 mg/dL greater on day 6 (13.8 ± 0.12 mg/dL, n = 1087), and thereafter, MUN declined gradually toward a nadir on d 28 (12.5 ± 0.10 mg/dL, data not shown). Although the timing of those events was relatively similar, there were substantial differences between parity groups (Figure 4) . First, d-1 MUN was lower in multiparous than in primiparous cows, maybe in part because of a difference in volume of colostrum. Second, peak and nadir MUN were relatively insensitive to FCM yield in primiparous cows, but increased with yield of FCM in multiparous cows. Third, for FCM <25 kg/d, parity had little effect on the pattern of change in MUN, but differences between parity groups became more evident with increasing milk production (Figure 4) .
Test-day MUN was elevated for both low and high FCM during the first week of lactation (data not shown). When wk-1 FCM yield was 5, 15, 30, and 50 kg/d, MUN averaged 14.6 ± 1.1, 13.0 ± 0.3, 13.6 ± 0.1, and 14.2 ± 0.3 mg/dL, respectively. However, in wk 5, MUN increased with FCM and averaged 11.4 ± 0.6, 12.0 ± 0.3, 12.2 ± 0.1, and 13.3 ± 0.1 mg/dL when FCM was 5, 15, 30, and 50 kg/d, respectively.
Variation associated with milk yield and parity in Holsteins. Parity had a distinct effect on the pattern of change in test-day MUN with increasing FCM yield ( Figure 5 ). In primiparous cows, MUN remained constant (12.6 ± 0.03 mg/dL) for FCM ≤42 kg/d, but declined linearly at a rate of 0.050 ± 0.008 mg/dL per kilogram as FCM increased from 43 to 60 kg/d. In contrast, MUN in multiparous cows increased linearly by 0.061 ± 0.003 mg/dL per kilogram as FCM increased to 28 kg/d and by 0.027 ± 0.001 mg/dL per kg as FCM increased from 29 to 58 kg/d. However, in the range of 59 to 82 kg/d, MUN declined at a rate of 0.057 ± 0.006 mg/dL per kilogram of FCM.
Analyses of Variance
Holstein. Test-day MUN of the 48 factorial combinations in primiparous and multiparous cows was 12.55 ± Figure 6 . Change in test-day MUN associated with season, milking frequency (2× vs. 3×), and yield of 4% FCM classified into 1 of 3 FCM categories (FCMc; Lo = bottom third, Me = middle third, and Hi = top third) in primiparous and multiparous Holsteins. In each parity group, the milking frequency × season interaction and the milking frequency × FCMc were significant. The vertical bars are SE, shown for the summer only, average n for each data point was 6203, but ranged from 1054 to 13,671. 0.69 and 12.83 ± 0.76 mg/dL, respectively. In both parity groups, the stepwise analysis resulted in final models that included sample type, season, milking frequency × season, and milking frequency × FCMc. Milking frequency was not significant in either parity group, and FCMc was significant in multiparous, but not primiparous, cows (Table 4 ). The base of adjustment for coefficients presented in Appendix Table 1 was the test-day MUN of cows in high FCMc, milked 3× a day on evening sampling schedule in the fall. Overall, test-day MUN was 1.0 (13.1 vs. 12.1 mg/dL) and 0.9 mg/dL (13.3 vs. 12.4 mg/dL) greater for evening vs. morning samples in primiparous and multiparous cows, respectively. In interpreting the impact of milking frequency, season and FCMc, interactions had to be taken into account. The nature of the milking frequency × season interaction differed between the parity groups ( Figure 6 ). In the case of primiparous cows, MUN was greater in the spring than in the fall when cows were milked 2×, but the reverse was true when cows were milked 3× per day, regardless of milk yield category. In the case of multiparous cows, however, average MUN over the 3 FCMc, was greater when cows were milked 3× compared with 2× per day in all 4 seasons, but the magnitude of the differences varied among seasons and averaged 0.43, 0.09, 0.69, and 0.52 mg/dL in the winter, spring, summer, and fall, respectively. The nature of the milking frequency × FCMc interaction varied also with parity. In the case of primiparous cows milked twice, MUN declined as FCM increased, but essentially the reverse was true for cows milked 3× per day (Figure 6 ). In the case of multiparous cows, MUN always increased with an increase in FCM, but the magnitude of the increase was much greater when cows were milked 3× than 2× per day.
Jersey. The impact of milking frequency could not be explored in Jerseys due to the lack of sufficient data for 3× milking. Test-day MUN for the 24 factorial combinations in morning and evening samples was 13.22 ± 1.35 and 13.98 ± 1.30 mg/dL, respectively. Final model for both sample types included season and FCMc × season as significant effects, and FCMc × parity as a tendency. Parity did not influence test-day MUN in either analysis, but FCMc was significant for morning samples only (Table 5). The base of adjustment for coefficients presented in Appendix Table 2 was the fall test-day MUN of multiparous cows in high FCMc.
In the case of morning samples, MUN decreased with increasing milk production, strongly in the summer and the winter, marginally in the fall, but not at all during the spring (data not shown). In addition, for morning samples, MUN declined only slightly with milk production in multiparous cows (13.3 ± 0.2, 13.1 ± 0.2, and 13.0 ± 0.2 mg/dL, for bottom, middle, and top FCMc, respectively), but declined sharply in primiparous cows (14.8 ± 0.3, 13.2 ± 0.2, and 11.7 ± 0.2 mg/dL for bottom, middle, and top FCMc, respectively). For evening samples, MUN increased with milk production in the winter and the spring, was unaffected by milk production in the fall, but decreased sharply with an increase in milk production in the summer (data not shown). Also in evening samples, MUN increased sharply with FCMc in multiparous cows (13.0 ± 0.2, 13.9 ± 0.2, and 15.3 ± 0.2 mg/dL for bottom, middle, and top FCMc, respectively), but in primiparous cows, MUN was lower in high-producing cows relative to the other 2 groups (14.3 ± 0.2, 14.4 ± 0.2, and 13.4 ± 0.2 mg/dL for bottom, middle, and top FCMc, respectively).
Brown Swiss. As for the Jersey data, the impact of milking frequency could not be explored in Brown Swiss. Test-day MUN for the data set of 24 observations in morning and evening samples was 13.78 ± 1.18 and 15.20 ± 2.00 mg/dL, respectively. Final model included season, FCMc, and FCMc × season for morning samples but season, FCMc, and FCMc × parity for evening samples. Parity did not influence test-day MUN of evening samples (Table 6 ). The base of adjustment for coefficients presented in Appendix Table 3 was the fall test-day MUN of cows in the high FCMc for morning samples, but the fall test-day MUN of multiparous cows in the high FCMc for evening samples.
In the case of morning samples, season, FCMc, and the season × FCMc interaction accounted for 91% of the total variation in MUN. The season × FCMc interaction was due in part to different rates of increase in MUN with increased milk yield in the winter, spring, and summer and the failure of the fall MUN values in highest producing group to increase relative to the middle production group (data not shown). For evening samples, season, FCMc, and the parity × FCMc interaction accounted also for 91% of total variation in MUN. The parity × FCMc interaction was associated with a failure for MUN for top producing primiparous cows to increase above MUN of cows in middle production group, as was the case for multiparous cows (data not shown).
DISCUSSION
The recent studies of Johnson and Young (2003) , Arunvipas et al. (2003) , Godden et al. (2001) , and RajalaSchultz and Saville (2003) focused on the variation in MUN with DHI-related measurements from commercial farms in different parts of Canada and the United States. Such studies are limited by the lack of dietary information and the likely confounding between feeding practices and some of the DHI-related measurements. However, they are useful for the identification of factors and combination of factors (i.e., interactions) that contribute to variation in test-day MUN. Working with Holstein data, Arunvipas et al. (2003) indicated that all firstorder interactions in their model were significant, but the magnitude of the effects was small. Rajala-Schultz and Saville (2003) considered first-order interactions only among main effects that had been selected for unconditional association with MUN, but their final model did not include interactions. In the present study, however, the significance of 3-way or 4-way interactions in the initial models were numerous and led to separate analyses by parity groups in Holstein and by sample type in Jerseys and Brown Swiss. The size of the data set used here was much larger than in any comparable study to date, which provided an opportunity for detailed explorations of interactions in three different breeds.
Fixed Effects and Interactions for Primiparous and Multiparous Holsteins
Parity and yield of FCM. In the final Holstein models, MUN was influenced almost entirely by the same factors and interactions in both parity groups. One exception, however, was the change in MUN with FCMc, which was significant for multiparous but not for primiparous cows (Table 4 ). Figure 5 showed that the latter statistical inference was true as long as FCM was less than 42 kg/d. Milk urea N was predicted to increase with milk production (Jonker et al., 1999) , and such results were confirmed later. For example, Godden et al. (2001) reported a quadratic relationship between milk yield and MUN, whereas Arunvipas et al. (2003) reported a linear increase of 0.05 mg/dL per additional kg of milk production from the 25th to the 75th percentile of their data set. Our study, however, showed that the association between MUN and FCM was drastically different between primiparous and multiparous cows ( Figure 5 ). The exact nature of the parity difference remains unclear, but suggests differences in the fate of metabolizable protein as the need and supply of energy (carbon) and AA vary due to parity and level of milk production. No other report indicated a decline in MUN for the highest milk production levels as found here in both primiparous and multiparous cows. The reason for this decline is unclear, but warrants further investigation in the efficiency of use of dietary CP in unusually high-producing dairy cows.
Sample type. Sample type influenced MUN but did not interact with other factors in both parity groups. The evening minus morning difference was 1.0 mg/dL in this study compared with 0.72 mg/dL reported in Godden et al. (2001) , who suggested that greater MUN in evening samples might be related to shorter feeding-to-milking interval compared with morning samples. Gustafsson and Palmquist (1993) showed that MUN varied with time after feeding. However, additional factors are likely to influence this difference because in the present study, MUN was the same whether morning samples were collected in cows milked 2× or 3× per day (12.3 ± 0.01 and 12.3 ± 0.02, mg/dL, respectively). Similarly, evening values were relatively constant whether cows were milked 2× or 3× per day (13.2 ± 0.01 and 13.4 ± 0.02 mg/dL, respectively).
Milking frequency, season, and FCMc. To our knowledge, this study is the first to report the association between milking frequency and MUN. Although there was no main effect, milking frequency interacted significantly but in different ways, with both season and FCMc in both parity groups (Table 4 ; Figure 6 ). Careful interpretation of these results is warranted because milking frequency per se may be confounded with factors such as frequency of feeding, number of rations fed to the lactating herd and other possible differences in herds on a 2× vs. 3× milking schedule. Although the true nature of these interactions remains unclear, their statistical and biological significance highlights the need to interpret MUN records separately for each combination of parity group, milking frequency, level of production and season.
The main effect of season was the second largest source of variation in Holstein MUN (Table 4 ). The data in Figure 6 agreed with reports showing that MUN is consistently greatest in the summer (Godden et al., 2001; Rajala-Schultz and Saville, 2003) . However, the lowest MUN was in the spring in Godden et al. (2001) but depended on milk production level of the herd in RajalaSchultz and Saville (2003) . In the present study, the lowest MUN in primiparous cows was observed in the fall, when milked twice, but in the spring when milked 3 times/d, whereas in multiparous cows, the lowest MUN was either in the fall or the spring depending on FCMc when milked twice, but in the spring when milked 3 times/d (Figure 6 ).
Fixed Effects and Interactions for Morning and Evening Samples in Jerseys and Brown Swiss
Adjusted r 2 indicated better fit for Brown Swiss than for Jersey models (Tables 5 and 6 ). The absence of a main effect of parity in these models agreed with the report of Johnson and Young (2003) who found no difference in MUN between lactation 1 and lactation 2, but a slight decrease of questionable biological relevance between lactation 2 and lactation 3 in Jerseys. However, our study showed that parity interacted with FCMc, as a tendency in morning and evening samples of Jerseys (Table 5 ), but significantly in evening samples of Brown Swiss ( Arunvipas et al. (2003) , but disagreed with those of Johnson and Young (2003) . When fed the same diet, MUN was greater in Holsteins compared with Jerseys (Rodriguez et al., 1997; Rastani et al., 2001) or the same in both breeds (Kauffman and St Pierre, 2001 ). As there is no evidence of differences in efficiency of use of metabolizable protein for maintenance or milk (protein) production (NRC, 2001), true genetic differences are not likely to contribute largely to the differences observed among breeds in this study. But genetic differences should not be completely disregarded as MUN heritability greater than 0.4 has been reported in Holsteins (Wood et al., 2003) . However, because the relationship between MUN and urinary N per unit of BW was found to be a single linear function regardless of whether the cow was a Jersey or a Holstein (Kauffman and St Pierre, 2001 ), all else being equal, smaller breeds or cows with lower BW should have lower MUN than larger breeds or heavier cows. Furthermore, higher milk protein production is expected to result in higher MUN (Jonker et al., 1999; Nousiainen et al., 2004) . Thus, in contrast to our findings and those of Arunvipas et al. (2003) , but in agreement with Johnson and Young (2003) , heavier and higher-producing cows should have greater MUN than lighter and lower-producing cows. Therefore, in comparing single-breed test-day MUN in this study, differences due to BW or milk production particularly between Jerseys and Holsteins, were overshadowed by other factors, most likely feeding and management practices. This contention was supported in part by the comparison of the changes in FCM yield (data not shown) and corresponding changes in MUN for cows in single-breed herds vs. multiple-breed herds and the ANOVA structure showing that 86, 84, and 93% of the variation in MUN was associated with either testday or herd rather than cow for Holstein, Jerseys, and Brown Swiss, respectively (Table 3) .
Breeds per herd. Results of this study indicated that mean test-day MUN may be influenced by the presence of multiple breeds in a herd. The number of Jerseys, Brown Swiss, and Holsteins in multiple-breed herds was 586, 353, and 15,347, respectively. Hence, in this study, the Jerseys and Brown Swiss in multiple-breed herds were "minority breeds" in predominantly Holstein herds. It was not possible to know whether the minority breeds were fed and managed similarly or differently than herd mates. Nevertheless, these results warrant careful interpretation of herd MUN averages when multiple breeds are present in the herd or when bulk tank sample includes milk from multiple breeds.
Other Sources of Variation and Interactions
Month and year. Large monthly variations in testday MUN (Figure 1 ) agreed with other reports (Godden et al., 2001; Arunvipas et al., 2003) , but no consistent pattern emerged from comparing monthly values across studies or across years as in this study. Specific reasons for large and inconsistent temporal variations are difficult to identify, but suggest that industry or historical baselines within a herd may not be reliable in interpreting monthly MUN averages unless adjustments have been made to standardize values for certain sources of variations. Compared with monthly data, seasonal averages may provide an aggregate value that reflect better the overall impact of environmental factors (e.g., temperature, humidity, and daylight), changes in feeding program (e.g., spring grazing), level of milk production, and calving pattern throughout the year.
Early lactation MUN in Holsteins. Both Arunvipas et al. (2003) and Rajala-Schultz and Saville (2003) reported that the pattern of change in MUN resembled a lactation curve when MUN data were summarized on a 30-d interval basis. This pattern was first predicted by Jonker et al. (1999) , and later it was shown that it varied with parity (Godden et al., 2001) . However, in this study, average MUN was the highest during the first month of lactation (Figure 3) . Upon further analysis, the change in MUN during this period showed a complex pattern. Availability of data has revealed an early peak ( Figure  4 ), which may have been missed in earlier reports. The rise in MUN the first 3 d after calving should be interpreted carefully as the data comes from colostrum and transition milk. However, this rise and the subsequent pattern of change in the first few weeks after calving may also reflect the changing metabolism of the cow. A recent study indicated that MUN in the first 3 wk of lactation was positively correlated with production efficiency (FCM/DMI), but negatively correlated with DMI (Wattiaux and Karg, 2004a), suggesting that MUN was more reflective of the energy and protein balance of the cow than the adequacy of dietary inputs in the first weeks after calving. The pattern of change in MUN shortly after calving, as found in this report, and the fact that the height of the early MUN peak depended on level of production ( Figure 4 ) reinforced this contention, especially in multiparous cows. The height of the peak and the rate of decline afterward may be indicative of the amount and extent of hepatic deamination of dietary AA or from body protein mobilization to meet cows' need for gluconeogenesis.
CONCLUSIONS
In this study, test-day MUN was higher for Jerseys and Brown Swiss than for Holsteins. However, there was an effect depending on whether a cow belonged to a single-breed herd or a multiple-breed herd, especially for Jerseys and Brown Swiss. Using MUN ≥14.5 mg/dL as a threshold, 93 out of 533 (17%) Holstein herds, 8 out of 17 Jersey herds, and 4 out of 12 Brown Swiss herds in this study would most likely benefit from adjusting diet composition to improve efficiency of N use. Most of the test-day MUN variation was associated with transient factors influencing MUN on the day of test or factors related to herd management rather than cow. Thus, industry or herd baselines may be difficult to interpret unless adjusted for predictable sources of variation. In this study, adjustment coefficients were obtained from separate analysis of primiparous and multiparous in Holstein data and separate analysis of morning and evening samples in Jerseys and Brown Swiss. 
